ABSTRACT. Breast cancer is a common cancer in women, with a highly variable course, from inoffensive to lethal. To find a more effective strategy for its treatment, sodium valproate has been tested as an anti-cancer drug; it is the only clinically available histone deacetylase inhibitor. However, data about the effects of sodium valproate on breast cancer are insufficient in both animals and humans; studies have yielded conflicting conclusions. In particular, little is known about the association between expression of the metastasis suppressor Nm23H1 gene and breast cancer. We hypothesized that sodium valproate regulates NM23H1 expression, and affects migration and/or invasion. We found that sodium valproate at concentrations of 0.8-3.2 mM inhibits migration and modulates Nm23H1 gene expression in a concentration-dependent manner. Confluent MDA-MB-231 cells were scratched by a micropipette tip after VPA treatment for 24 h; 24 h later, the scratch was almostly closed in the 0 mM VPA-treated cells, while the 3.2 mM VPA-treated cells migrated the slowest. The cell migration ratio exposed to 0.8, 1.6 and 3.2 mM VPA was about 66.67, 30.67 and 26.67% (P < 0.05). We also found evidence that sodium valproate upregulates NM23H1 expression, which is a clue to its anti-cancer mode of action. The NM23H1 gene expression was relative fold increased determined by Western blotting at 3.2 mM VPA. Collectively, these observations indicate that sodium valproate has potential for use in breast cancer treatment.
INTRODUCTION
Breast cancer is one of the most common cancers in females, with a highly variable course, from innofensive to lethal. These variations reflect genetic changes, with chromosomal losses, gains and translocations, often differing between individual patients (Swain et al., 2010) . Therefore, more effective strategies for the treatment of breast cancer are clearly needed (Adams et al., 2010) .
Valproate acid (VPA) is an antiepileptic drug that inhibits histone deacetylase activity, where it also exerts an anticancer effect. Histone deacetylase inhibitors (HDACIs) represent a promising new class of antineoplastic agents that affect proliferation, differentiation, and apoptosis in both solid and hematologic malignancies (Blaheta et al., 2002) . In addition, HDACIs can alter the expression of at least one cellular adhesion molecule. Increased levels of histone acetylation lead to relaxation of the chromatin structure, allowing access of transcription factors and increased transcription, while decreased levels of acetylation are associated with repressed transcription. Therefore, inhibition of the function of histone acetylation may affect the regulation of gene expression, cell growth, differentiation, and apoptosis (Duenas-Gonzalez et al., 2008) .
Sodium valproate is the only clinically available histone deacetylase inhibitor at present. Although VPA has been shown to reduce cancer proliferation to some extent, data about its effect on breast cancer cells are still insufficient in both animals and humans, and studies have often yielded contrasting results and conflicting conclusions (Dutertre et al., 2010; Adams et al., 2010; Baneshi et al., 2010) . The inhibitory effect of VPA may be cancer type-specific in many studies; for example, one study found no difference in invasiveness between treated and untreated bladder cancer cell lines HTB5 and HTB9 (Byun et al., 2009 ). This suggests that the mechanism of VPA differs between animal and human tissues. Moreover, while much research has focused on the antiproliferative and differentiation properties of HDACIs, comparatively little is known about their effects on cancer cell migration, invasion, and metastasis (Jawed et al., 2007) . Therefore, this study focused on the effect of VPA on human breast cancer cell migration, invasion and metastasis.
A number of oncogenes and tumor suppressor genes that participate in tumorigenesis have been identified, one of them being Nm23. The Nm23 gene was first identified in a murine malignant melanoma cell; it proved to be a metastasis suppressor gene. Secretion of the NM23 protein can be detected in a variety of tumor cell lines. Among the Nm23 gene family, the Nm23H1 gene is the most widely studied; reduced expression of its RNA or gene product is associated with higher stage and/or poorer prognosis in several carcinomas. Decreased levels of NM23H1 expression have been linked to metastatic potential. Overexpression of NM23H1 has been demonstrated in highly metastatic murine melanoma cell lines and rat mammary adenocarcinoma cells. Therefore, Nm23h1 represents an ideal target to investigate as a potential therapy for breast cancer (Leone et al., 1991; Jin et al., 2009) . While little is known about the association between Nm23h1 expression and breast cancer, Nm23h1 is a metastasis-suppressor gene in some cancers.
Because acetylation of histones is associated with active transcription, whereas deacetylation by HDACs is linked to gene repression, we hypothesized that VPA would regulate NM23H1 expression, and that migration and/or invasion would also be affected. For these reasons, we investigated the effect of VPA on Nm23h1 gene expression in human breast cancer cells (Fortunati et al., 2008) .
MATERIAL AND METHODS

Cell culture
MDA-MB-231 human breast cancer cells, obtained from the Cell Resource Center of the Shanghai Life Science Institute of the Chinese Academy of Sciences, were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (Life Technologies, Inc., ON, Canada) with 100 U/mL penicillin, 100 μg/mL streptomycin and 2.5 μg/mL amphotericin, in a humidified atmosphere containing 5% CO 2 .
Effect of VPA on MDA-MB-231 cell assays
The cells were treated with VPA for 24 h at concentrations of 0, 0.8, 1.6, and 3.2 mM. The effect of VPA on MDA-MB-231 cell proliferation was then detected by the methylthiazol tetrazolium (MTT) and wound closure assays. The effect of VPA on histone deacetylation and NM23H1expression was assessed by Western blotting.
Nm23h1 short hairpin RNA (shRNA) plasmid construct and transfection
shRNA specific for Nm23h1 (NM_008074) was designed according to the Ambion Company's guidelines; a pair of oligonucleotides (sense: 5'-CCGGGTCTGAAGTTTCTG CAGGCTTCTCGAGAAGCCTGCAGAAACTTCAGACTTTTT-3') was synthesized, annealed and ligated to the AgeI and EcoRI sites of Pmko (Ambion Co., USA) to get the plasmid Pmko.1-NM23H1. Insertion was confirmed by sequencing. Before transfection, the cells were seeded in 6-well plates, grown to 30% confluence, and transfected with complexes containing 1 μg Nm23h1-shRNA plasmid mixed with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), according to manufacturer recommendations, in serum-free medium for 48 h; NM23H1 expression was analyzed by Western blotting.
pcDNA3.1/Hygro overexpression vectors and transfections
The full-length cDNA of the Nm23h1 gene was isolated from human breast cells and amplified by polymerase chain reaction (PCR). The fragment was cloned into pcDNA3.1/Hygro mammalian expression vector (Invitrogen) at EcoRV and XbaI sites. The insert of the plasmid was sequenced using an ALFexpress automated sequencing machine (Amersham Biosciences, Piscataway, NJ, USA). Stable transfection experiments of the vector containing the Nm23h1 gene and the empty vector were carried out using Lipofectamine 2000. The cells were diluted and placed under selection 24 h after transfection with RPMI 1640 medium containing 150 mg/mL hygromycin B (Invitrogen). MDA-MB-231 cells were infected with these plasmids at a multiplicity of infection for 48 h, and analyzed by Western blotting.
Effect of NM23H1 expression on MDA-MB-231 cell assays
The cells were transfected by Nm23h1 shRNA plasmids and pcDNA3.1/Hygro overexpression vectors, respectively, to knock down or upregulate the NM23H1 expression. Migration and invasion of transfected cells were detected by a wound closure assay; NM23H1 expression was analyzed by Western blotting.
MTT assay
Cells at a density of 1 x 10 4 cells/mL were plated in a 96-well plate, at 200 μL/well. After overnight incubation, cells were treated with VPA at concentrations of 0, 0.8, 1.6, or 3.2 mM, and were harvested at 24 h following treatment. The effect of VPA on MDA-MB-231 cell proliferation was quantified by the MTT assay (Sigma, USA); 20 μL MTT solution (5 mg/ mL) was then added to each well to a final concentration of 0.5 mg/mL per well. Plates were then cultured for 4 h at 37°C. The supernatant was removed, and 150 μL DMSO was added to each well to dissolve the deposit. Optical density (OD) was read at 570 nm using a spectrophotometer microplate reader (Labsystems, Finland). The inhibition of islet cells caused by different concentrations of VPA was calculated using the formula: inhibition rate (%) = 100 x (1 -[OD drug exposure / OD control ]) (Wu et al., 2008) .
Wound closure assay
Approximately 1 x 10 5 MDA-MB-231 cells were plated in each well of a 6-well plate. After a 12-h incubation without serum, cells were treated with VPA, Nm23h1 siRNA, and pcDNA3.1/Hygro overexpression vectors. The cells were allowed to reach full confluency. Monolayers of cells were scratched by scraping with a micropipette tip, rinsed several times with media to remove dislodged cells, and placed back in growth medium. Photographs were taken using a phase-contrast microscope (Olympus, Japan) immediately or at 24 h after creating the scratches (Liang et al., 2007) .
Western blot analysis
Western blot analysis of MDA-MB-231 cells was performed as follow: 50-μg protein samples were loaded on 8% polyacrylamide gels, and samples were electrophoresed at 100 V for 2 h at room temperature. Protein was transferred to nitrocellulose membranes by electroblotting. After the blocking of nitrocellulose membranes in 5% non-fat dry milk for 1 h, acetylated histone H3 or NM23H1 protein was detected by incubating at room temperature for 2 h with a human monoclonal antibody against acetylated histone H3 or human NM23H1 (Abcam, England) at a 1:1000 dilution. This was followed by incubating this mixture with a rabbit anti-human secondary antibody conjugated with horseradish peroxidase (HRP) (Amersham) at room temperature for 2 h at a 1:1000 dilution. Bands were visualized by enhanced chemiluminescence (ECL) (Amersham). The same nitrocellulose membrane was stripped and incubated with β-actin monoclonal antibody (Sigma) at a 1:2000 dilution for 2 h, which acted as a control for loading and blotting.
Statistical analysis
Statistical and graphic analyses were performed with the SPSS 13.0 software where appropriate. All experiments were performed in triplicate.
RESULTS
Effect of VPA on MDA-MB-231 cells
VPA had no effect on cell proliferation ( Figure 1A ), but significantly inhibited cell migration in a concentration-dependent manner, as determined by wound closure assays. At 24 h after creating scratches, cells treated with VPA were significantly slower than the control cells treated with no VPA ( Figure 1B) , and had higher levels of HDAC and NM23H1 expression. After the MDA-MB-231cells were treated with 0, 0.8, 1.6, or 3.2 mM VPA for 24 h, histone and NM23H1 were assessed by Western blotting. As shown in Figure 2 , cells exhibited significantly increased levels of HDAC and NM23H1 compared to untreated controls, in a concentration-dependent manner.
NM23H1-shRNA plasmid to knock down Nm23h1 increased migration in VPA-treated MDA-MB-231 cells
In our study, Nm23h1-shRNA significantly decreased the expression of NM23H1, as analyzed by Western blotting ( Figure 3A ). Subsequent to this decreased NM23H1 expression, these MDA-MB-231 cells migrated faster. After treatment with 3.2 mM VPA for 24 h, migration of RNAi-treated cells was faster than that of cells not treated with RNAi ( Figure 3B ).
VPA-treated MDA-MB-231 cell migration was inhibited after pcDNA3.1/Hygro overexpression vectors upregulated NM23H1
In our study, pcDNA3.1/Hygro overexpression vectors significantly upregulated NM23H1 expression, as analyzed by Western blotting ( Figure 4A) ; after NM23H1 expression increased, cell migration was significantly slower than that of control cells ( Figure 4B ). A. The effect of VPA on cell proliferation quantified by the MTT assay was 100% in the control group. The proliferation of MDA-MB-231 cells exposed to 0.8, 1.6, and 3.2 mM VPA was about 91.2, 94.3 and 92.9%, respectively. There was no difference between groups. The data are reported as means ± SEM. B. Cell migration at 24 h was determined by wound closure assays after VPA treatment. VPA inhibited cell migration in a concentration-dependent manner. Confluent MDA-MB-231 cells were scratched by a micropipette tip after VPA treatment for 24 h; 24 h later, the scratch was almostly closed in the 0 mM VPA-treated cells, while the 3.2 mM VPA-treated cells migrated the slowest. The cell migration ratio exposed to 0.8, 1.6 and 3.2 mM VPA was about 66.67, 30.67 and 26.67%, respectively, compared with the control cells, which showed a significant difference between groups (*P < 0.05). A. Nm23h1 shRNA knocked down the expression of NM23H1. Whole cell protein lysates from stably transfected cells grown under standard conditions were prepared; expression of NM23H1 in negative-control cells and siRNA cells were analyzed by Western blotting. B. After NM23H1 was knocked dowm by siRNA, cell migration was determined by wound closure assays, and cell migration was significantly faster than in control cells, where the migration ratio increased about 200% (P < 0.05). Afterwards, the RNAi-treated cells were exposed to 3.2 mM VPA for 24 h; the cell migration was significantly slower, and the migration ratio was reduced about 40% (P < 0.05). However, in the RNAi-treated cells, migration was significantly faster than in cells without RNAi after exposure to 3.2 mM VPA. *P < 0.05 for comparisons between groups.
DISCUSSION
HDACIs are a new class of drugs, shown to have antineoplastic activity in hematologic and solid malignancies, which reduce cell proliferation, growth, migration, invasion, and apoptosis and cell-cycle arrest (Lagneaux et al., 2007; Fortunati et al., 2008) . Although VPA has been reported to inhibit the proliferation of some cancer cells, it did not do so in the human MDA-MB-231 breast cancer cells in our test, as determined by the MTT assay. We investigated the effects of VPA on human breast cancer cell viability and motility, but at 24 h, we found no acute effects of VPA on cell proliferation in vitro. However, we found that a 24-h treatment with VPA resulted in a concentration-dependent decrease in human MDA-MB-231 cell migration. Our data suggest that VPA exerts some of its antineoplastic effects by inhibiting migration rather than tumor growth. We also found that acute VPA treatment induced concentration-dependent increases in both HDAC and NM23H1, with maximal induction at 3.2 mM for 24 h.
Prior studies of HDACIs have focused on cell-growth inhibition and apoptosis induction as primary mechanisms of their anticancer effects (Dragunow et al., 2006) . However, newer insights have revealed that HDACI effects on both histone and nonhistone proteins may be more far-reaching than originally thought, modulating cancer cell differentiation, migration and invasion, metastasis, and angiogenesis. Reportedly, HDACIs upregulate a set of metastasis suppressor genes, downregulate a set of metastasis-promoter genes, and repress cancer cell invasion and metastasis in vitro and in vivo (Shen et al., 2005; D'Souza et al., 2009) .
We investigated the effect of VPA on the expression of NM23H1, which has a positive role in inhibiting metastasis to explore its anti-cancer mechanism in MDA-MB-231 cells (D'Angelo et al., 2004) . Many reports have shown that a loss of NM23H1 expression or function leads to more invasive phenotypes, while restoration of NM23H1 by conventional means can inhibit invasiveness in many types of tumors (Marshall et al., 2010) . The NM23H1 protein may act as an upstream regulator that modulates downstream metastasis-related genes, inhibiting tumor metastasis. However, the mechanism by which NM23H1 participates in tumor metastasis is not fully understood. We supposed that forced overexpression of NM23H1 led to decreased tumor cell proliferation, invasion and metastatic ability, in which Nm23h1 may be regulated by the HDAC. Downregulation of NM23H1 expression should therefore lead to increased invasiveness and metastasis. This hypothesis is confirmed in our current study. Cell migration was found to be faster after RNAi decreased NM23H1 expression; conversely, cell migration was inhibited after pcDNA3.1/Hygro overexpression vectors increased NM23H1 expression. The mechanism of VPA's anticancer activity therefore seems to involve increased HDAC and NM23H1.
Although apoptosis is reportedly an anticancer mechanism of VPA (Dragunow et al., 2006) , we did not evaluate the role of apoptosis in this study. Another limitation of this study is that the VPA treatment in the MDA-MB-231 cells was studied for only 24 h; we cannot assume an effect on cells at 48-72 h, although many studies show that the anticancer effect of VPA improves significantly over longer periods. However, we found clues to the main mechanism of VPA's anti-cancer effect. Additional mechanisms are also possible, such as effects on adhesive function, or even other potential signal pathways (Chen et al., 2007; Platta et al., 2008) . Further studies are still required to clarify the exact mechanisms underlying these findings to fully exploit the potential oncostatic benefits of combinatorial therapy with VPA.
In summary, we showed that VPA at concentrations of 0.8-3.2 mM inhibits migration and modulates NM23H1 expression in a concentration-dependent manner. The concentration range that we studied is achievable therapeutically, and corresponds to serum levels in human. We also present both novel evidence that VPA upregulates NM23H1 expression in human MDA-MB-231 breast cancer cells and clues as to its primary anti-cancer mechanism. All these observations taken together indicate that VPA has a potential role in adjuvant therapies for patients with recurrent, progressive, or muscle-invasive disease, and that it could be the basis of future breast cancer treatments.
